The properties of kaonic nuclei in relativistic mean-field theory 
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The static properties of some possible light and moderate kaonic nuclei, from C to Ti, are studied 
in the relativistic mean-field theory. The Is and lp state binding energies of K~ are in the range 
of 73 ~ 96 MeV and 22 ~ 63 MeV, respectively. The binding energies of lp states increase 
monotonically with the nucleon number A. The upper limit of the widths are about 42 ± 14 MeV 
for the Is states, and about 71 ± 10 MeV for the lp states. The lower limit of the widths are about 
12 ± 4 MeV for the Is states, and 21 ± 3 MeV for the lp states. If V < 30 MeV, the discrete K~ 
bound states should be identified in experiment. The shrinkage effect is found in the possible kaonic 
nuclei. The interior nuclear density increases obviously, the densest center density is about 2.1po- 

PACS numbers: 21.10.Dr, 21.30.Fe, 21.90.+f 



I. INTRODUCTION 



o 

The if-nucleon (KN) interactions in nuclear matter have been an interesting topic in nuclear physics, since Kaplan 
firstly discussed the question of kaon condensation in dense nuclear matter about twentyyears ago 0] . With several 
typical methods, such as chiral perturbation theory (ChPT) 0, 01, R MF model yj 0] , chiral coupled channel 
model 0,0 j chiral unitary model or other chiral model [llTll2T]. and the phenomenological model by fitting 
{SJ . the K~ atomic data using a density-dependent optical potential (DD model) [13, EJ], a strong attractive if~-nucleus 
potential at threshold is predicted. The i4T~-nucleus potential strongly depends on the model used. The DD model 
gives the deepest inner if - -nucleus potential which is in the rang eof 150- 200 MeV The chiral coupled 

channel model predicts the i4T~-nucleus potential in the range of 85 ~ 120 MeV 0,0,0) close to that by RMF model 
(The a-K coupling constant determined by the KN scatering length). The chiral models give shallower i4T~-nucleus 
potential 50 ~ 70 MeV 0, ES El El . 
jy-^ \ Based on the strong attractive ^"-nucleus potential, there maybe exist "deeply bound kaonic atoms" or kaonic 
■ nuclei. The existence of the "deeply bound kaonic atoms" , or, kaonic nuclei was already well-known in later 1990s 
[l5l ITr| . It was suggested that the kaonic nuclei could be produced by the (K~ , p) and (K~ , n) reactions E3 • Since 
then, the issue on the X~-nucleus deeply bound states (kaonic nuclei) has been a hot topic. 

Theoretically, there have been many works on kaonic nuclei. The binding energies, the widths, the production 
methods, the nuclear densities around if~-meson, and other aspects were discussed with different models 0, 0, 
13 El El US IH |H |H IH HI pi |27|. Experimentally, some evidences for the candidate states in the (K stop , n) 
and (-Kstop, p) reactions on 4 He |28t l29j|. and in the (K~, n) in-flight reaction on 16 |3(| are reported. Recently, 
by using the FINUDA spectrometer installed at the e + e~ collider DA<i>NE, the FINUDA collaboration succeeded in 
detecting a K~ bound state K~pp through its two-body decay into a A hyperon and a proton [3l]]. However, just 
some months ago, Magas et at reanalyzed the FINUDA data and claimed that the experimental spectrum can be 
naturally explained in their Monte Carlo simulation of the K~ absorption events in nuclei, without the need of exotic 
mechanisms like the formation of a K~pp bound state |32] |. Thus, further experimental and theoretical works are 
needed on this issue. 

In the present work, we will study the static properties of the possible kaonic nuclei in the framework of relativistic 
mean-field theory (RMF). The pioneer works, describing the in-medium K~ N interaction with RMF method, can 
be found in 003, IS- Since then, the RMF model had been widely used to describe the in- medium properties of 
( ant i) kaon mesons |3j0], the -K~-nucleus interaction E3; the ^"-nucleus elastic scattering [34| and the kaonic nuclei 
|22,|23. In this work, the static properties of kaonic nuclei are obtained by solving, self-consistently, the equations 
of motion for nucleons and mesons, which are derived from the Lagrangian for nuclcons and (anti)kaon mesons. To 
describe the widths of the K~ in nuclei, the equation of motion for K~ are modified by introducing an imaginary part 
of the self-energy phenomenologically. In the calculations, we will focus on the energy spectra, the nuclear density 
distribution, the r.m.s. radii of proton, neutron and charge distribution for the possible kaonic nuclei. 
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The paper is organized as follows. In the subsequent section, the Lagrangian density is given, the equations of 
motion for nucleons and the meson fields a, to, p, and Kaons are deduced, the imaginary part of the self-energies are 
introduced and the binding energies of K~ are defined. We then present our results and discussions of the obtained 
properties of kaonic nuclei in Sec. III. Finally a summary is given in Sec. IV. 

II. FORMULAS 

In relativistic mean field theory, the standard Lagrangian density for an ordinary nucleus can be written as |3rj l37| 

Cq = ^Dirac + £<r + + C p + Ca, (1) 



where 



£ D irac = ^! N (ij^-M N )^ N , (2) 

C a = -d^ad^a - ^m 2 a a 2 - g aN ^ N a^ N 

~^92cr 3 - ^g 3 CT 4 , (3) 

-guN^Nl^NW^ (4) 

-g P N^>NP^ IV N, (5) 

C A = ~H MV H^ - e* Nlfl I c A^ N , (6) 

with 

F M „ = d v u)^ - d^Uv, (7) 

G^y = dvp^ - d^pv, (8) 

= d v A^-d^A v , (9) 

where the meson fields are denoted by er, and p^, and their masses by m a , m u , m p , respectively. ^ n is the 
nucleon field with corresponding mass Mpj. A p is the electromagnetic field. g a N, g^N, and g p N are, respectively, 
the a-N, ui-N, and p-N coupling constants. I c = (1 + r 3 )/2 is the Coulomb interaction operator with r 3 being the 
third component of the isospin Pauli matrices for nucleons. / is the nucleon isospin operator. In this paper, we adopt 
the NL-SH parameter set |38|, which describes the properties of finite nuclei reasonably. The masses and coupling 
constants are listed in Tab. [I] 

For a iC _ -nucleus system, another Lagrangian density Ck describing the (anti)kaon interaction with nucleons 
should be added to Cq. Kaons are incorporated into the RMF model by using the KN interactions motivated by the 
one-meson-exchange models S3 5j . In the meson-exchange picture, the scalar and vector interactions between kaons 
and nucleons are mediated by the exchange of a and u> mesons, respectively. The coupling of the (anti)kaon to the 
isovector p meson is here excluded due to N = Z nuclear cores. Thus, the simplest kaon-meson interaction Lagrangian 
density Ck is written as @ 

C K = d^Kd^K -m 2 K KK - g aK m K KKo 
-ig^KiKd^K ~ Kd^K)^ 

+{g^ K ^) 2 KK, (10) 

where g a K and g^K are the a-K and uj-K coupling constants. g^K is chosen from the SU(3) relation assuming 
ideal mixing, i.e., 2g^K = ^g^p — 6.04. g a K can be obtained from several methods, e.g. the Bonn model 35], 
by reproducing the strongly attractive potential seen in kaonic atoms or by fitting the KN scattering lengths in 
experiments 0,0- I n this paper, we take the modest K-a coupling, g a K = 2.088(« g a N /5), by fitting the experimental 
KN scattering length Q . The advantages of this method were pointed out in £| . With these determined coupling 
constants, the antikaon optical potential at normal nuclear density is about £/ K - = —(85 ~ 100) McV 6], which is 
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compatible with several groups' predictions. For example, Akaishi et al. gave —119 MeV for a K~ in nuclear matter 
at the normal density 0, and Weise's gave U K - = —(120 ~ 130) MeV by using chiral KN interaction Q. It is 
interesting that the recent experiment predicts the in-medium K~N potential is on the order of —80 MeV at normal 
nuclear density |43|. which is also agreement with the K~N potential adopted in present paper. 



TABLE I: Parameters used in the present calculations. 



masses (MeV) 


couplings 


Mn va„ rriu m p 


g<rN gujN g P N gz 


939.0 526.059 783.0 763.0 


10.444 12.945 8.766 -15.8337 
g 2 = -6.9099 fin" 1 



In the mean field approximation, the meson-fields er, and p^, and the photons are replaced with their mean 
values, (ct), (p^) and {A^}, respectively. For a spherical nucleus, only the mean values of the time components 

(luq), {pa} and (^o) remain, which are denoted by c^o, and pa, and Aq respectively. Then the equations of motion for 
nucleons, u>, a, p, and photons are 



-ia-V + (3(M N + g aN a ) + g^N^o+ g P NT 3 po + eI c A ^ N = e^ Nl (11) 

(-V 2 + ml) <7 Q = -gvN^N^N - 52^0 - fl^o - g a Km K KK, (12) 

(-V 2 + ml) oj = guN^N-y^N ~ 2g uK {E + 9u j K uj q )KK, (13) 

(-V 2 + to 2 ) po = g pN ^N7 a I^N, (14) 

-V 2 A = e* N -y°I c V N , (15) 

and the equation of motion for antikaon is 

[-v 2 + (m 2 i -£; 2 ) + n]x = o, (16) 

with the antikaon self-energy in nuclei 

II = -2g uK Euj a + .gcrK^KCo - {g^K^o) 2 - (17) 

In the above equations, e is the nucleon single-particle energy, and E is the single-particle energy for antikaon meson. 
We can see that the antikaon meson does not relate the Dirac equation for nucleons directly. However, the presence of 
antikaon leads to additional source terms in the equations of motion for meson fields of a and uj. Thus, the antikaon 
meson affects the nucleon fields by changing the strength of meson fields of a and u> indirectly. 

So far, we ignored the antikaon meson absorption in the nucleus, which requires a complex potential. Within the 
framework of RMF model, we are not able to calculate the imaginary part of the potential directly. In order to include 
the effects of the antikaon meson absorption in the nucleus on the calculations, and make a more realistic estimate 
for the calculated results, we assume a specific form for the antikaon self-energy with an imaginary part 

II = [-2.g wK ^oRc£ + ga Km K <Jo ~ {g^K^o) 2 ] 

-2(ReE)fV — . (18) 
Po. 

The similar method is also used to analyze the widths of mesonic nuclei in [22I |44| . 

In this work, the imaginary part of the potential ImU is given with the simple ll tp" form, namely, ImU = —Vqp/pq. 
Where Vo is the imaginary potential depth at normal nuclear density, which strongly depends on the model adopted. 
The largest value Vo ~ 50 MeV is given by fitting the experimental data of the kaonic atoms ^3 E3 1 an d the chiral 
model (only the antikaons are dressed self-consistently) [43. While, by fitting the experimental data of the antikaon- 
nucleus scattering, the imaginary potential depth become much shallower: Vq ~ 35 MeV [3^ |. Another much shallower 
imaginary potential depth 20 ~ 25 MeV is predicted by Ramos et al. with the meson-exchange model. The shallowest 
imaginary potential depth, ~ 15 MeV, is given by the chiral model which incorporates the dressing of the pion and 
antikaons |45|. Thus, in the present work, we set the imaginary potential depth Vo in the range of 15 ~ 50 MeV. 

On the other hand, the phase space available for the decay products should be reduced for deeply bound states, 
which will decrease the imaginary pot entials (widths). Thus, a suppression factor, /, multiplying ImU were suggested 
to be introduced by Mares et al. |22t |23|. In our calculations, we adopt their method as well. In this method, two 
decay channels are considered. One is the mesonic decay channel, KN — * 7rS, 7rA. The corresponding suppression 
factor is given by 
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M x 3 V - (m* + Mr) 2 ] [Mo 2 ! - (m* - My) 2 ] 1 



where Mqi = + Mjv, Mi = Rei? + Mjv and Y = E, A. The other channel is the non-mesonic decay channel, 
KNN — > Y7V, and the corresponding suppression factor is 



M| V [M 2 2 - (Mat + My) 2 ][M 2 2 - (Mjv - My) 21 



where Mm = nik + 2M^r, Ma = Rc_E + 2Mj?. Since E final states dominate both the mesonic and non-mesonic decay 
channels [46j, in the calculations, the hyperon Y is set as Y = E. The suppression factor / can be assumed a mixture 
of 80% mesonic decay and 20% non-mesonic decay thus 

/ = 0.8A + 0.2/ 2 . (21) 

In the calculations, in order to include the effects from the "imaginary potential" , we use the modified Klein-Gordon 
equation 

-V 2 + (m| - E 2 ) + 5 K = 0. (22) 

The complex eigenenergies are 

E = -B s jf + m K - iT/2, (23) 

where the real part corresponds to the single-particle K~ binding energy, which is defined as 

#k P = m K - ReS, (24) 

and the imaginary part of the complex eigenenergies corresponds to the widths 

T = -2Im£. (25) 

The binding energy of K~, B K ~, is defined as the difference between the total binding energy of the if - -nucleus 
system, B( A ZK~), and the total binding energy of the ordinary nucleus, B( A Z) |23| |: 

B K = B( A ZK~) -B( A Z). (26) 

In RMF, from the Lagrangian density (Eqs.(l — 6)) we can deduce the energy-momentum tensor and then obtain 
the total binding energy of the ordinary nucleus at once: 

A 

B( A Z) = A x M w + E c . m . - ^ (27) 

i=l 

2 



where ej is the nucleon single-particle energy labelled i, and E c . m , = 3/4 • 41 A 1 ^ is the center-of-mass energy. Using 
the same method, according to the Eqs.(l — 6) and (10) we obtain the total binding energy of the ^"-nucleus system: 

B{ A ZK-) = A x M N + E c . m . + B S k P (28) 

- j>] Cj - \ J dr | - gaNVo^N^N 

-92<jI - gzal - guN^o^ N ^N 

+2g uK u (3ReE + g uK oj )KK 
-gcrKm K a KK }. 



5 



From the above, we can see that for the appearance of the antikaon there are additional terms, —g a K'mKVoKK and 
^9ljK (3ReE + g LL ,K ( ^o) ljJ Oj m the integral of Eq. l|28l) compared with those of Ea. l27|) . 

Solving the equations l(ll|) — 1)15(1 and Ea. ((22|l self-consistently, we can obtain the properties of AT~-nuclei. One point 
must be noted that the antikaon energy E in Ea. Q13f) should be replaced with its real part, KeE, in the calculations. 

III. RESULTS AND DISCUSSIONS 

The main purpose of the present calculations is to obtain the properties of K~ nuclei in RMF, such as the binding 
energies, the nuclear density distributions and the r.m.s. radii of proton, neutron and charge distributions. We 
carry out calculations for the N = Z even-even nuclear cores 12 CK~ , 16 OK~ : 20 NeK~ : 24 MgK~ , 28 SlFT~, 32 SK~, 
36 AtK~, m CaK~ and 44 TiK~, respectively. For the imaginary potential depths at normal nuclear density are not 
well determined, in the calculations, we choose three values, Vq — 15, 30 and 50 MeV, respectively. The results are 
shown in Tab. |TT| HTH and Figs. □ 

TABLE II: The single-particle K~ binding energies, B S J?_ = txik — ReE; the binding energy of K~ , B K -\ the total binding 
energy of the A~-nucleus system, B( A ZK~); the total binding energy of the ordinary nucleus, B{ A Z) and the widths, T, (all 
in MeV), in various nuclei, where the complex eigenenergies are, E — —B^ p + txik — iT/2. 







B( A Z) B 


V = 
{ A ZK- 


15 (MeV) 
) B K B S jf 


r 


V = 
B( A ZR- 


30 (MeV) 
) B K B a K " 


r 


Vq = 
B{ A ZK~ 


50 (MeV) 
) B K B? 


r 


12 CK~ 


ls 


89.6 


177.6 


88.0 


102.3 


11.2 


177.0 


87.4 


100.4 


19.4 


175.6 


86.0 


97.6 


44.0 




lp 




115.2 


25.6 


35.1 


23.5 


114.5 


24.8 


33.2 


47.0 


111.2 


21.6 


28.8 


80.9 


16 OA'" 


Is 


128.5 


203.8 


75.3 


88.3 


16.2 


203.4 


74.8 


86.7 


32.8 


202.4 


73.9 


84.4 


56.4 




lp 




158.7 


30.2 


41.1 


21.1 


157.7 


29.2 


38.5 


43.0 


156.9 


28.4 


36.6 


72.8 


20 NeA~ 


Is 


142.6 


221.0 


78.4 


90.4 


14.8 


220.8 


78.2 


89.4 


30.0 


220.0 


77.4 


87.7 


51.4 




lp 




180.2 


37.7 


48.9 


21.5 


179.9 


37.3 


47.5 


42.8 


178.5 


35.9 


45.3 


71.5 


24 MgA~ 


Is 


182.8 


267.5 


84.7 


95.3 


12.2 


267.4 


84.6 


94.7 


25.2 


266.8 


84.0 


93.3 


43.6 




lp 




231.0 


48.2 


59.4 


22.0 


230.7 


47.9 


58.5 


42.6 


229.1 


46.3 


56.4 


74.0 


28 SiA~ 


Is 


231.6 


322.4 


90.8 


100.2 


8.2 


322.2 


90.6 


99.6 


17.8 


321.8 


90.2 


98.7 


32.6 




lp 




289.0 


56.9 


68.4 


20.3 


288.2 


56.6 


67.2 


40.7 


287.0 


55.4 


65.7 


68.6 


32 SA" 


Is 


261.6 


358.1 


96.5 


107.8 


14.2 


358.1 


96.5 


106.8 


27.0 


357.8 


96.2 


104.1 


37.0 




lp 




320.1 


58.5 


67.5 


20.2 


319.8 


58.2 


66.9 


40.6 


317.3 


55.7 


66.3 


68.8 


36 ArA" 


Is 


295.2 


387.8 


92.6 


102.4 


9.2 


387.7 


92.5 


101.3 


14.4 


387.3 


92.1 


100.0 


27.8 




lp 




352.9 


57.7 


68.1 


19.2 


352.6 


57.4 


67.4 


39.1 


351.6 


56.3 


66.1 


66.0 


40 CaA- 


Is 


340.6 


430.4 


89.8 


99.0 


9.3 


430.3 


89.7 


98.0 


20.1 


429.7 


89.2 


96.4 


36.3 




lp 




400.6 


60.0 


69.3 


18.6 


400.4 


59.8 


68.7 


37.3 


399.5 


59.0 


67.6 


62.9 


44 TiA- 


Is 


365.6 


455.8 


90.3 


98.5 


9.4 


455.5 


90.0 


97.7 


19.9 


454.7 


89.2 


96.3 


35.7 




lp 




428.8 


63.6 


72.3 


18.0 


428.5 


63.0 


71.7 


36.1 


427.6 


62.1 


70.7 


61.0 



A. Single-particle energies and widths 

The single-particle K~ binding energies, -B^, the binding energy of K~ , Br-, the total binding energy of the 
kaonic nucleus, B( A ZK~), the total binding energy of the ordinary nucleus, B( A Z) and the widths, T are listed 
in Tab. [Q] From the Tab. we find that the imaginary potentials (namely, the width) have a few effects on the 
values of B S J?_, B K ~ and B{ A ZK~). These values decrease with the increment of the imaginary potential depth. 
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The decreased values are about 1 ~ 2 MeV, if Vq changes from 15 MeV to 50 MeV. The single-particle K~ binding 
energies of Is states are about 7 ~ 12 MeV larger than the K~ binding energies of Is states, Bl^_. On the other 
hand, the single-particle K~ binding energies of lp states are about 7 ~ 10 MeV larger than the K~ binding energies 
of lp states, Bj?- ■ Mares et al. also predicted Btf_ > B K - in their calculations, they defined the difference as 
"rearrangement energy", which relates the polarization of the nuclear core by the K~ . The rearrangement energies 
of Is states decrease monotonically with the nucleon number as a whole in our calculations. 

The Is state binding energies of K~, B^_, for the listed nuclei are in the range of B^_ — 73 ~ 96 MeV. And the 
binding energies of K~ for lp states, B 3_ , range from 22 MeV to 63 MeV, increase monotonically with the nucleon 
number A. Recently the FINUDA experiment predicted there is a K~pp cluster with binding energy Bk pp ~ 115 
MeVj^i subtracting the binding energy between the two protons, B pp — 27.2 MeV, the K~ binding energy is ~ 88 
MeV. Our predictions (73 ~ 96 MeV ) are compatible with the FINUDA experimental values and the theoretical 
calculations in 0, |2(j • 

The separations between the bound state lp and Is, (-B^_ — BS_), are on the order of 27 ~ 62 MeV, decrease 
with the increment of the nucleon number in general. Increasing the imaginary potential depth from Vq — 15 MeV to 
50 MeV, the separations between the lp and Is states will increase ~ 1 MeV. 

On the other hand, from Tab.llTl we find that the widths of the Is kaonic bound states are about 12 ±4 MeV, 23 ±9 
MeV and 42 ± 14 MeV for V Q = 15, 30 and 50 MeV, respectively. The lp state widths are on the order of 20, 40, 
for Vq = 15 and 30 MeV, respectively. And for Vq = 50 MeV, the lp state widths are about 60 ~ 80 MeV, decrease 
with the increment of the nucleon number in general. Mares et al. analyzed the FINUDA experiment, considering 
the effects of Fermi-motion on the decay widths the K~pp decay width r ~ 67 MeV will be reduced down to 53 MeV. 
This result agrees with our predictions T ls = 42 ± 14 MeV with Vq = 50 MeV. 

From Tab. ITT1 we can also see that, if the depth Vq < 30 MeV, the sum of the half widths of the Is and lp states 
predicted by us are narrower than the separations between B^~ and B J?_ , which implies that some discrete states 
should be identified in experiment for these nuclei. However, if Vq > 50 MeV the sum of the half widths of the Is and 
lp states for all the listed nuclei, except 12 CK~ , predicted by us are larger than the separations of the two lowest 
energy levels, thus no discrete states can be identified in experiment. 

TABLE III: The r.m.s. radii of neutron, proton and charge distributions, r n , r p and r c h (in fm), respectively. Vq (in MeV) is 
the imaginary potential depth at normal nuclear density. 





V 


r p 


r n 


Teh 




V 


r p 


r n 


r c h 




V 


r p 


r n 




12 c 




2.32 


2.30 


2.46 


24 Mg 




2.86 


2.82 


2.97 


36 Ar 




3.26 


3.21 


3.36 


12 CK~ 


15 


2.20 


2.18 


2.35 


24 M S K~ 


15 


2.80 


2.77 


2.92 


36 Ar#- 


15 


3.22 


3.17 


3.32 




30 


2.20 


2.18 


2.35 




30 


2.80 


2.77 


2.92 




30 


3.22 


3.17 


3.32 




50 


2.21 


2.19 


2.35 




50 


2.80 


2.77 


2.92 




50 


3.22 


3.18 


3.33 


16 o 




2.58 


2.55 


2.70 


28 Si 




2.93 


2.90 


3.04 


40 Ca 




3.36 


3.31 


3.46 


w OK~ 


15 


2.52 


2.49 


2.65 


28 SiR- 


15 


2.88 


2.85 


2.99 


40 Ca.K~ 


15 


3.32 


3.27 


3.42 




30 


2.51 


2.49 


2.64 




30 


2.88 


2.85 


2.99 




30 


3.32 


3.28 


3.42 




50 


2.51 


2.48 


2.64 




50 


2.88 


2.85 


2.99 




50 


3.32 


3.28 


3.43 


20 Ne 




2.82 


2.74 


2.94 


32 g 




3.13 


3.09 


3.24 


44 T j 




3.44 


3.39 


3.54 


20 NeK~ 


15 


2.77 


2.69 


2.89 


32 SK~ 


15 


3.08 


3.04 


3.19 


44 TiK~ 


15 


3.41 


3.36 


3.50 




30 


2.77 


2.68 


2.89 




30 


3.08 


3.04 


3.19 




30 


3.41 


3.36 


3.50 




50 


2.76 


2.68 


2.88 




50 


3.09 


3.04 


3.20 




50 


3.41 


3.36 


3.51 



B. The static properties of the kaonic nuclei 

First, let's see Tab. Hill We find that the r.m.s. radii of neutron, proton and charge distributions, r n , r p and r c h 
for the kaonic nuclei, A ZK~, are smaller than those for the corresponding ordinary nuclei, A Z. For example, the 
r.m.s. radii of 12 CA"~ reduce about 0.12 fm, when a AT~-meson is injected into 12 C. For the other heavier kaonic 
nuclei, the decreased values of the r.m.s. radii are about 0.04 ~ 0.06 fm. Generally, the r.m.s. radii of lighter kaonic 
nuclei decrease more obviously than those of heavier kaonic nuclei. The phenomenon of the r.m.s. radii decreased 
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because of a meson or hyperon being bound in a nucleus is called "shrinkage" , which has been found in some lighter 
A hypernuclei p"0| in experiment. Within the framework of RMF, we also find the shrinkage effects exist in A-, 9 + - 
hypernuclei |4ll |42j ■ 

From the table, we also find that the r.m.s. radii do not change obviously with the imaginary potential depth. If 
there are differences between the r.m.s. radii for different imaginary potential depth, the differences are within 0.01 
fm. 

To explain the "shrinkage effect" , we should start with the K~ properties in nuclear matter and the equations 
of motion for kaonic nuclei in RMF theory. Firstly, the K~ meson does not identify with nucleons and can enter 
the nuclear cores. Secondly, the strong K~ N attraction can produce a strong K field in nuclei, which increases the 
strength of the scalar field a (see Eq. iJH}) and decreases the vector field w [see Eq. l(T3jl]. This means the attraction 
between nucleons become larger and the repulse between the nucleons become weaker. Thus, the nucleons in the 
nucleus are bounded more tightly, which results in the so called "shrinkage effect" . 




FIG. 1: Nucleon-density as a function of nucleus radius. The solid and dotted curves are for kaonic nuclei and corresponding ordinary 
nuclei, respectively. 



C. nuclear density of the kaonic nuclei 



The distributions of the nuclear density for some light and moderate kaonic nuclei in their ground states together 
with those of corresponding ordinary nuclei are shown in Fig. ^ In the calculations, we set Vq — 30 MeV. 

From the figure we can see, in the interior of the kaonic nuclei, the nuclear densities become much denser than 
those of the ordinary nuclei. The central nuclear density is enhanced by a value 0.03 ~ 0.1 fm -3 for all the listed 
kaonic nuclei. In all the kaonic nuclei, the lowest enhanced central nuclear density is ~ 0.03 fm -3 for 44 TiK~ , and the 
highest enhanced central nuclear density is ~ 0.1 fm -3 for 12 CK~. In all the listed kaonic nuclei, the central nuclear 
density of 12 CK~ is the densest, ~ 0.31/m -3 , which is around 2.1 times the normal nuclear density pg. 

Our calculations give obvious enhancement of the nuclear density in the interior of the kaonic nuclei. However, this 
value is much less than the prediction in . In 0] , Akaishi et al. gave the central density about 3 times that of the 
a particle for 8 Bcif~ system, and in [20|. the central nuclear density of kaonic nuclei gave by Dote et al. even reaches 
to 0.71 ~ 1.50 fm -3 , which is about 4 ~ 10 times the normal nuclear density with a framework of antisymmetrized 
molecular dynamics. It is indeed an amazing high central density p(0) = 0.81 fm~ 3 ^ 5p for the many-body system 
U CK~ in [2(j compared with our results. 
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IV. SUMMARY 

We study the kaonic nuclei within the framework of RMF theory. All the equations are solved self-consistently. 
We carry out systematic calculations for the light and moderate possible kaonic nuclei, from 12 C to 44 Ti. The energy 
spectra of these kaonic nuclei are studied, the ground state (Is state) binding energies of K~ are obtained, which are 
in the range of 73 ~ 96 MeV for all the possible kaonic nuclei studied. The binding energies of of K~ for lp states 
are in the range of 22 ~ 63 MeV, and increase monotonically with the nucleon number A. The separations between 
the bound state lp and Is are in the range of 27 ~ 62 MeV, and decrease with the increment of the nucleon number 
generally. 

The upper limit widths of the Is and lp states are 42 ± 14 MeV and 71 ± 10 MeV, respectively, with V a ~ 50 MeV. 
And the lower limit widths of the Is and lp states are 12 ± 4 MeV and 21 ± 3 MeV, respectively, with Vq ~ 15 MeV. 

The binding energies of K~, Bjc, will decrease 1 ~ 2 MeV, if we increase the imaginary potential depths in their 
possible range. The widths do not affect the r.m.s. radii obviously. 

If the imaginary potential depth Vq is deeper than 50 MeV, the sum of the half widths of the Is and lp states 
predicted by us for m OR-, 20 NeK~ , 24 MgK~, 28 SiK~, 32 SK~ , 3e ArK~, m C&K~ and M TiR- are larger than the 
separations between the Is and lp states for these kaonic nuclei, which implies that no discrete states can be identified 
in experiment for these nuclei. However, if Vb < 30 MeV the sum of the half widths of the Is and lp states predicted 
by us are narrower than the separations of the two lowest energy levels, thus, the discrete K~ bound states should 
be identified in experiment. 

The shrinkage effects for kaonic nuclei are found. The interior nucleon-densities do not increase drastically. The 
densest central nuclear density predict by us is about 2.1 times the normal nuclear density, however, which is much 
less than the value predicted in |19| . 
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